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Abstract

The studies ofopological insulators and topological semimetadsebeen at frontiers of
condensed matter physics and material scieBogh classes of materialare characterized by
robustsurfacestatesreatedy thetopology of thebulk band structuseand exhibit exotic transport
properties.When magnetisms present intopological materials and breakhe time-reversal
symmetrymoreexoticquantum phenomertan begenerategde.g. quantum anomalous Hall effect,
axion insulator, large intrinsic anomalous Hall effect,.dtc this researchupdate, we briefly
summarizethe recentresearch progressin magnetic topological materialsacludingintrinsic

magnetic topological insulators and magn#gtieyl semimetals
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Introduction

Magnetic topological materials, includingnagnetic topological insulators(Tl) and
magneticdopologicalsemimetalshave attractetiroad interest Magnetic TIs can bachieved in
three different ways: magnetic dopimga Tl [1,2], proximity of a Tl to a ferromagnetic (FM) or
an antiferromagnetic (AFM) insulatps,4,5], or creatingintrinsic FM or AFMorder in a TI[6].
The spontaneous magnetizatiamucedin magnetic Tlsnteracts with topological surface state
andopers a gap at thsurfaceDirac point whichcan generate a new topological quantum state
guantum anomalous Hahsulator(QAHI), when chemicapotential is tuned to an appropriate
valuein thin film samplesSince QAH features spipolarized chiral edge state, which can support
dissipationless current, it carries great promise for applications in future energy saving electronics.
QAHI was firstrealizedin thin Tl films of Cr and/or \A\doped (Bi,S)Tes [1,2]. Thispioneering
work has generated a grebdalof interest and several review artic[€s3,9,10,11] on this topic
have been publisheth thisresearch update, well focus orreviewing recent studies on intrinsic

magnetic TIMnBizTes and its related materials

In magnetic topological semimetatbginterplay between magnetism and rtamial band
topology can also generate new exotic quantum st&@es remarkable exampletime reversal
symmetry(TRS) breakingWeyl semimetal (WSM) state which linearly dispersed, spigplit
bandscrossat discrete momentum pointhus resulting inVeyl nodesLow energy excitations
near Weyl nodes behave as chiral Weyl fermidsyl nodes always come in pairs with opposite
chirality and they can be understoasi source and drain of Berry curvature in momentum space.
When the Weyl nodes are at or close to the Fermi laeeBerry curvatureanbe presentlue to
broken TRS, which can give rise tonew exotic quantum phenomena suchlaage intrinsic

anomalous Hall effect (AHH)LZ] andanomalousNernst effec{13]. Like nonmagnetic WSMs,



magnetic WSMs are also characterized by topological surface states, i.e. surface Fdfmj.arcs
Theow has predictedRS breakingVSMs caralsoevolve into QAHI when the dimensionality is
reduced from 3D to 2D15]. Experimentally, several materialacludingCosSne$:[16,17,18,19],
CoeMnGa [20,21], CoeMnAl [22], Mn3Sn [23], GdPtBi [24] and YbMnBk [25] have been
reportedto be TRS breaking WSM stateslIn this researchieview, we will also givea brief

overview on the studies of these materials

Il. Intrinsic m agnetictopological insulator MnBi 2Tes and its related materials

Although quantum anomalous Hadfffect (QAHE) has been seen in thin Tl films of -Cr
and \tdoped (BjSb2Tes [1,2], the Ocritical t e mp ekKr, sevetely e 6
constraining the exploration of fundamental physics and technological applications.
Inhomogeneous surface gap induceddnydomly distributed magnetic dopargselieved to be
the origin of lowtemperature requirement fobserving QAHE [26,27]. High-temperature QAH
hasbeen predicted to occur in thin films of intrinsic FM or AFM TI materiats48]. Nevertheless,
despite considerable theoretical and experimental efthese has been little progress until the
recent discovery of an intrinsic AFM TI MnHies [29,30,31]. MnBi2Tesis a layered ternary
tetradymite compoundk crystallizes in a rhombohedrstructure(space group 8m), built of the
stacking ofTe-Bi-Te-Mn-Te-Bi-Te septuple layers (SL§ffig. 1a). SLs are coupled through van

der Waals bonding

The single crystals of MnBTes can be grown either from the melt with stoichiometric
composition[31, 32] or using the flux method with excessiveBas serving as flu{33]. Since
MnBi2Tes is metastablg34], its single crystals can be obtained only through quenching at a

temperature close to 530. For the melt growth, the stoichiometric mixture first needs to be heated



to a high temperature (7€®M00 C), then slowly cooled down to a temperature close to,590
finally followed by annealing and quenching at this temperfiay@?]. For the flux growth,
prolonged slow cooling (~2 weeks) from ~6Q0to ~590C is necessary, and the excessive flux

is separated through centrifugif®g).

MnBi2Tes enablescombimation of intrinsic antiferromagnetismwith nontrivial band
topology, thus giving rise to an intrinsic AFM TR9.30,31]. Its antiferromagnetism is produced
by the Mnsublattice, while its nontriviaband topologys formed by inverted Bi and T bands
at theG point due to strong spiarbital coupling(SOC) Its AFM stateshowsan A-type AFM
order Tn = 25K) [31,33,35], characterizethy Mn FM layers stacked antiferromagnetically along
the c-axis and the ordered magnetic moments are aligleetythe c-axis[33]. A large spin gap
as well as magnetic frustration due to large fm@drest neighbor AFM exchange halsobeen
probed inrecentinelastic neutron scatterirexperiment®n MnBikTes[36]. On the (001) surface,
a large gap~+88 meV[31]) is opened at theurfaceDirac node due to the breaking of tBegT1/2
symmetry ¢andTizrepresent the time reversal and primitive translation symmetry respectively)
(Fig. 1b) Such a surface gapasprobed in ARPES measurements on single crystal sarfimsies
by Otrokov et al[31] (Fig. 1d)andsubsequentlypy several other grou87,38]. However there
have also beereports oPARPESexperiments whicli39,40,41,42] showthe surface Dirac cone

state is gapless either in the paramagnetiheAFM state(Fig. 1e)

MnBi2Tes offers an ideal platform to realine@wexotic topological quantum states. Theory
predicts it canhost not only high-temperature QAH and axion insulator with topological
magnetoelectric effect in thin film sample®[30,31, 43], but also an ideal Weyl semimetal state
with one pair of Weyl nodes near the Fermi level in its bulk FM phase driven by external magnetic

fields or strain(Fig. 1c)[29,30]. Moreover, chiral Majorana modgalso predicted to be accessible
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via interactionbetween MnBiTes and a swave superconductor4fl]. Recently,remarkable

progresses have been made toward realizing these predicted quantufd Stedes
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Figure 1. (a)Crystal and magnetic structure bfnBi2Tes [29]. (b) Spinresolved electronic
structure of the MnBiTes (0001) surfacedl] (c) Thebulk band structure of MnBTes in the FM
phasewhich showsa pair of Weyl nodal crossing t W/ WNj GaZldieeatign[30].H{deBand
dispersion ofMnBi2Tes measurewn the(0001)surface[31]. (e) A gapless surface Dirac cone
measured oMnBi2Tes [39]. (f) The maximal anomaloudall angleof the FM phase vs. carrier

concentratiorfor Mn(Bi1xShi)2Tes [50]..

Denget al. [45] firstly reported the observatiaf quantized Halresistancef h/e? (h is
the plank constant anglis the elemental charg&) atomically thin MnB:Tes flakes with odd
number ofSLs (i.e. 5SL9) underzeromagnetidields (Fig.2g). Such quantized Hall resistance is
accompanied by zero longitudinal resistance, which is typical behavi@hlgf. Contrasted with
the conventional QHin 2D electrorgas QAHE in MnBizTes does not originate from quantized

Landau levels. WheNnBi:Tesis exfoliated tdlakes with evemumber of Sk (e.g. 6 SLs)it is



found to exhibit axion insulator behavior at zero magnetic field, characterized by large longitudinal
resistance andero Hall resistancetf] (Fig.2b); moderate magnetic fields can drive the axion

insulator tathe Cherninsulator with quantized Hall resistancehté (Fig. 2c)
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Figure 2 (a) Magnetic field dependences of Hall resistaRgeandlongitudinal resistancBx measured

on a flake witHive SLs atT = 1.4 K.Rxreaches 0.97¢’ a toH =0 T andisesto 0.998/e’a b o vHe~ ¢
2.5 T[45). (b) Thegate voltage\(y ) dependence dbngitudinal resistivity} «x and thederivativeof Hall
resistivity J yx with respect to magnetic fiekhe asur ed at T = 1. 6 Kmeasuredu n d
on a 6 SLs devicedf]. (c) Thegate voltage dependencg)andjyxat 1. 6 Homavmct typeal T ,
characteristics of €hern insulatocan be seen. The inset in (b) and (c) schematically illustrates the FM
order and electronic structures of the Axion and Chern insalgt6lr (d) Hall resistanc& xas a function

of magnetic field avarioustemperatureprobedin a 10SL MnBi,Tes device. TheRy plateau readcts
0.97/2¢ at 13 K[47]. (e)Gate voltage dependenceRy andRxat2 K and15T ina 10SL device The
insetschematically illustrates tHeM order and electronic structure of te2 Chern insulatoj47].

Furthermore, another interesting result obsemédnBi>Tesatomic crystals is the high Chen

number QAHE C=2) (Fig. 2d and Fig.2¢}7]. High Chern number QAHE is of interest in view
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of applications, since a high Chemamber could enable the chiral edge states to carry larger
current. Quantum confinement effect induced by dimensionality reduction should play an
important role in realizing the QAHE and axion insulator in the 2D thin layers of NeBiln
few-layer thinfilms, the surface states should dominate its longitudinal transport properties and
the two surfaces (top and bottom) display tatéger Hall conductance of opposite (axion
insulator) or identical sign (QAHEHowever, for thick flakes, interlayer coupy affects its
transport properties, leading to very different transport behavior frontafgav thin flakes 47].

This may explain why thinner MnBiies flakes show QAHE or axion insulator, but thicker flakes

(9 or 10 SLs) behave as a high Chern number insulator

Additionally, experimental studiesn MnBi2Tes and Mn(Bi,Sb»Tes bulk single crystals
have also revealethany other interesting propertieSirst, Lee et al[32] found MnBi2Tes
undergoes two magnetic transitions upon increasing magneti¢daaiallel to the @xis), i.e. the
spinflop transition from an AFM to a cantedhtiferromagnetic (CAFM) state atH{~3.6 T) and
the CAFMto-FM transition at kk (~7.7T) The CAFMstateshows intrinsic AHE due tahenon
collinear spin structurg32]. Secondboth magnetism and carrier densityMnBi2Tes are found
to be tunabldy Sb substitution for BiSingle crystals of th&n(Bi1-xSh)2Tes alloy serieswith
0¢ x ¢ 1 can be made usirgsimilar flux growth method usddr growing MnBeTes [48,49,50).
Both H1and H2 are suppressed I8b substitution for Band merge asapproaches Mp]. As x
is equal or closéo 1, the system involves strong competition between FM and AFM phédles
Both FM and AFM phases have been synthesizeMfi8lxTes [49, 51] and MnSh.sBio.2Tes [50,
52]. FM MnSbkTesis predicted to hdsitheran ideal typdl Weyl semimetal phasgs1], or the
simplest typd Weyl semimetal with only one pair of Weyl nodes on the tfioé&rotational axis
under strairtuning[53], while FM MnSh.8Bio.2Tes has been reported to show unusual AHH.
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In the AFMMnN(Bi1xShi)2Tes series, the carrier densitgn effectively been tuned by changing Sb
concentration, dowto a minimum neak = 0.3 where the carrier type also changes from electron
to hole [48,49,50]. Such a critical composition could favor the observation of QAHEe
realization of QAHE stateemerallyrequires the chemical potential to be inside the gap to achieve
a bulk insulating state. For pristine MnBes, a relatively large gate voltage is required to tune it

to such a state since-gpown MnBkiTes crystals are always heavily electron dopéd] . If
crystals of Mn(BixShk)2Tes ( X ~0.26) was used in the devices, QAHE can probably be seen at
much smaller gate voltages. Moreover, Sb substitution for Bi increases the surféeg,gam¢h

might increase the observation temperature of QAKE&ditionally, Lee et a[50] recently
reportedhe predicted ideal Weyl state can be achieved in the CAFM and FM phases of the samples
with minimal carrier density. This is revealed by a magriéid inducedelectronic phase
transition at the AFMo-FM phase boundary, a large intrinsic anomalous Hall eféeet fg. 1f),

a nontrivial p Berry phase of the cyclotron orbit and a large positive magnetoresistance in the FM
phasq50].

In additionto MnBi2Tes, severalvan der Waals materials relevant to M#iR, including
MnBisTez7, MnBisTeiwoand MnBigTers, arealso recentlyeportedo be intrinsic AFM/FM Tl/axion
insulator p5,56,57,58,59,60,61,62,63]. These materials belong to the same family, which can be
expressed as (MnBlies)(BizTes)m with m= 1, 2, 3 é Their commonstructural characteristic is
the alternating stacking dMnBi2Tes]-SLs and[BizTes] quintuple layers (Qf). The main
difference between the=1,2,3 members is the number of Qhy sandwiched between Slrs=1
for MnBisTe7, m=2 for MnBisTeio, andm=3 for MnBisTeis. The magnetic properties of these
materials depend om. With increasingm, the interlayer AFM coupling becomes wedike to

increased separation distance between Mn magnetic layers. AltMnBjlaTer and MrBisTewo



remain AFM, their Neel temperature decreasel®® K and 11.0 K respectively55,57].
MnBisTe1s, however, becomes FM with the Curie temperature of 155K indicating interlayer
magnetic coupling involves competition between AFM and &M larger separation distance
favors FM coupling. We note FM Mn8ieio with Tc =12K as well as a AFMo-FM transition in
MnBisTer werealso reported59, 64], suggesting the Gibbs energy difference between AFM and
FM phases for thisecompositiors is very small.Band structure calculations and ARP&S8dies
[55,58,59,60,61] have sbwn all these materials host topological phases: MA&iis an intrinsic
AFM TI [55], whereasMnBisTeio is either an AFM axion insulato6f] or a FM TI [B9].
MnBisTeis is reportedto beanintrinsic FM axion insulatordg0]. Anothercommonproperty of
these materials that they all show large magnetic hysteresis and lowfBpitransition fields.
Therefore, they offer a new promising platformexplore novel topological quantum stgte

including QAHE and axion insulataat high temperatures

[ll.  Magnetic Weyl semimetals

Threedimensional (3D) Dirac semimesalwhich were first theoretically predicted and
experimentally verified in N#Bi [65,66,67] and CdAs: [68,69,70], can be viewed aa 3D
grapheneA Dirac semimetal cattansforminto aWSM by breaking either the timeeversa(TRS)
or inversion symmetryinversion symmetry brokew/SMs were first discovered morn-magnetic
TaAsclassmaterials[71,72,73,74,75]. The TRSbreaking WSMwere initially predicted in
Relr207 (Re=rare earth)1{], HgCr.Se: [15] and recently demonstrated several magnetic
materials systems, includin@osSnS: [16,17,1819], CoMnGa [20, 76], CoeMnAl [27],
MnsSn/MreGe[23, 77], GdPtBI [24] andYbMnBiz [25]. In this section, we will review the recent

researclprogressn the study othesemagneticNSMs



13 Ferromagnetic WSMs

la.Kagome-lattice WSM CosSnpS: The kagome lattices known tohost exotic quantum states
such asspin liquid[78]. Recentstudies show éayeredFM compoundCxSneS: with Kagome
lattice (space group, Bm) hostsa TRS breakingWSM stat¢16,17,18,19]. The magnetic
propertiesof this materiabriginatefrom the kagomdattice of cobalt, whose magnetic moments
order ferromagneticallgndareoriented along theut-of-planedirectionin the ground staté-ig.

39) [16]. RecenttBR experiments showed such an-ofiplane FM order sustains up to 90K, and
thenevolves into a mixed phase of the -@fitplane FM and the iplane AFM order in the 90
172K range, ath finally to a mixed phase of paramagnetic and FM in the1ll/BK rangg79].
The Gy-rotation and inversion symmetries of this material generates a total of six nodal rings
without considering SOC. When SOCcensideredthe linear crossing points of nodal rings split
into three pairs ofWeyl modes as shown in Figd. These Weyl nodes aamnly about 60 meV

abovethe Fermi levelaccording to theoretical calculatioris3].

The experimental evidence feuch aTRS breaking WSMstate ofCosSneS: was first
revealed inmagnetotransport measuremefi$,17]. This materialexhibits not only negative
longitudinal magnetoresistance (LMR)], but alsdarge intrinsic anomalous Hall effect (AHE)
[16,17] and large anomalous Nernst effect (ANE),B1,82]. Negative LMR is the manifestation
of the chiral anomaly arising from the charge pumping between paired Weyl nodes with opposite
chirdity under parallel electric and magnetic fieldée intrinsic origin of AHE in CebnS; is
evidenced by the observat®that itsanomalous Hall conductivity is nearly independent of
longitudinal conductivitys below 90K [L6] and linearly increases with magnetizatidv][
Besides larges (~1130 Wlcm! at ~90K), the anomalous Hall angléi(= s /s ) of

CaosSneS was also found to be large, ~ 20% at 98Kout on@rder of magnitude larger th#mse
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of typical magnetic systen83]. As shown in Fig. 3b, such large valuessof anddx can be
attributed to large net Berry curvature of occupied sfdi€ls The steep decrease ©f above

90K is due to the fact that the eaf-plane FM phase coexists with theglane AFM phase and

the volume fractiorof the FM phase decreases with increasing tempergtdyeFurthermore,
systematic studies on the ANE of Sz by Ding et al[80] showthat the anomalous Nernst
respons€Y (the ratio of transverse electric field to the longitudinal temperature gradient) is
inversely proportional to the carrier mobility contrasted with the ordinary Nernst respoise
which is” m This indicates that anomalous transverse thermoelectdacityn CasSnS; is

determined by the Berry curvature, rather than the mean fre¢8@hth
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Figure 3. (a) Crystal structure of £&mS,. The cobalt atoms form a ferromagnetic kagome lattice with a
Csrotation[16]. (b) Temperature dependences of the anomalous Hall conducsivitythelongitudinal
conductivity (0) and /0 zromagoeticdi¢lfbol (s) Sthenmatic ofdha ljulk e (
and surface Brillouin zones along the (001) surface a6G8,, which displaythree pairs of Weyl nodes

connected bgurface Fermi ard$SFA, marked byellow linesegments)18]. (d) Comparisorbetweerthe
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calculated~ermi surfacef both bulk andurface stateg) and the experimenigimeasured Fermi surfaces
(ii). Themagenta and green dots in (i) representheyl points with opposite chiralitf18]. (e) Linear

band crossing at\eyl pointprobed by the ARPES measurements at 103k

Thehallmark of the electronic structure of a WSM phase is the surface FernbRAs)
which connecthe projectedWeyl nodeswith oppasite chirality on the surface Brillowinone.
Such an expected feature forsSoS: has recently been demonstrated by dngle-resolved
photoemission spectroscopy (ARPE$)8 and scanning tunneling spectroscopibTS)
experimentg19]. As shown in Fig. 3and 3d(i) the surface Fermi arcs are campdof three
line-segments which connect the projected Weyl points (WP+ andl NgéBr M. These three line
segments form a tmmle-shaped surface Fermi surface, which is clearly visualizédte ARPES
[Fig. 3d(ii)] and STSexperiment§18,19]. Moreover, the STS experiments also show the surface
Fermiarc contour and Weyl node connectivity is termination dependéhtBy means oin situ

electron dopingthe ARPESexperiments also detectbdlk Weyl nodegFig. 3e)[19].

1b. Heusler alloy FM WSM Co:MnGa and Co,MnAl : Recenttheoreticalwork predictedthat
Co-based Heusler compound @ (X=V, Zr, Nb, Ti, Mn, Hf; Z =Si, Ge, Sn, Ga and Atan
hostuniqueFM WSM phase|[84,85,86]. First, its Weyl states can have the least number of Weyl
nodes (two), which can make the interpretation of spectroscopic and transport properties much
easier. Second, the Weyl node separation in momentum space is lamgeg,rige to large
anomalous Hall effect, which is of great use for applications. Third, the Weyl node location in
momentum space can be manipulated by controlling the magnetization dji@&8éh These
characteristics make @¢6Z a promising platform for exploring novel magnetic Weyl physics and

potential applications.
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Although CaXZ allows for many different element combinations, experimental studies on
their possible exotic properties induced by the expected WSM statgsaase, which is possibly
due to the difficulty of the single crystal growth of this family of materialgMd@a is the first
confirmed member that have distinct properties associated with the FM WSNP&t@e. This
material is a room temperature ferromagnet with the Curie temperature of 690pKkssedses a
cubic structure withlthe space group of Fim (Fig.4a)[20]. It shows a giant AHEwith its s
beingas large a8 0 0 8 cm¥ at low temperaturéFig.4b)[20]. FurthermoreCo:MnGawas also
found to showa giantANE [20,76]. The Nernst signalysincreases with elevating temperature,
reaching a record high value 8k& 6 V 1Kt room temperature amgpproachinds V 1Kkt
400 K[20,76], which is more than one order of magnitude larger than the typical values known
for the ANE in other magnetic conductoi$iese resultstogether with theinsaturated positive
longitudinal m@netoconductancg.e. chiral anomaly [20], providetransport evidence for Weyl

fermionsin CeMnGa.

Recent ARPEStudieson CeMnGa [21] unvell its characteristics of Weyl staf€he
combinationof mirror symmetrieandFM orderingof this materialeads to 3D Weyl nodal lines
with 2-fold degeneracy, which form Hopflike linkend nodal chains?[l,87]. These nodal lines
are protected bymirror symmetries and give rise to drumhead surface states. Both Weyl nodal
lines anddrumhead surface states have been visualized in the ARPES experigribg top
panel in Fig. 4c shows an ARPES constant energy sygagdrom which the projection of Weyl
nodal lines orthe ka-ko planecan be seen clearlyhe distribution of calculated Berry curvature
on theka-ko plane (bottom panel of Fig. 4c) matches well the shape of Weyl nodal line projection
[21], indicating thathe Berry curvature of GMnGapredominantlystems from Weyl nodal lines.

Thes calculated from the Berry curvature is indeed consistent with the experimental2idlue |
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Figure 4. (a).2; ordered cubic full Heusler structure of @nGa[20]. (b) Temperature dependence of the
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Hall conductivity -0yx for Co,MnGa [20]. (c) The bottom panel shows the component of the Berry
curvatureof occupied states and the top panel presdsARPES constant energy surface at the
correspondind=s [21]. (d) Nodal rings and the first Brillouin zone of £8nAl. Without SOC, there are
nodal ringsonmirror planes?2]. (e) There aréour nodal rings centered at the Z point of the FCC Brillouin
zone for CoMnAl [22]. (f) The anomalous Hall conductivity of CoMnAl as a function of the

magnetizatiororientation angleThe experimental and theoretical results are represented by red and black

circles, respectivelyZ?].

Like CeMnGa, the L2 structural phase of GMNnAI is also predicted to be a FM WSM
candidate §6] and early Berry curvature calculations suggest it has the largestafttéiag the
CoXZ Heusler alloyq88]. The recentsuccess of single crystaggowth of this material has
enablel further experimental studies this materiallLi et al. 2] indeedobserve a tunablegiant

AHE in CoMnAl single crystalsitss i s as | ar''gnd!alareom te@p@@ture; more
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noticeably, its room temperature anomalous Hall angle reaches a record value among magnetic
conductors, with tadh = 0.21, which brings the promiséor practical device applications
Theoreticalstudies have further clarified thetrinsic mechanism of such a giant AHEZ. As
shown in Fig4e, the two lowest conduction bands andttir@ highest valence bands cross along
four Weyl nodal rings without SOC. These four nodal riaggthekxy,z= 0 planes arprotected by

the mirror symmetriesand interconnectedforming Hopflike links. When SOC is considered,
magnetic moments amduplal to the lattice, thus reducing the symmeind gapping the nodal
rings. The gapped nodal rings generdtege Berry curvature and thus give rise to the huge
anomalous Hall conductivityFor instanceywhen themagnetization is oriented along the [001]
direction, the nodal rings on tke=0 planedo not open gaps duethe preserved mirror symmetry,
while the nodal rings on they= 0 planesare gapped. Berry curvature calculations showed the
largest nodal ring (ring#3 in Fig. 4e) make dominant contributions to the Berry curvatuteeand

resultinglarges  (~1400 Wt.cm?) [22].

Another important property of GEInAl is that its band topology and resulting AHE can
be controlled by the rotation of magnetization aXikis is because thahe mirrorsymmetries
depend on the magnetization orientation. For exanfigieévl//[001], the nodal ring®n thek:=0
planeare gaplessutgapped on thkky=0 planeshowever, ifM//[111], all nodal rings are gapped.

Therefore, the rotation ehagnetization leads to a epbke angular dependence & , which is

indeed observed in experiments (Fig. 28][ Since CaeMnAl is a soft ferromagnet, the rotation
of magnetization can be driven by a weak magnetic field. As such, this material offers an ideal

platform to explore band topology tuning by magnetization.
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2B Antiferromagnetic WSMs

2a. WSM state in Chiral antiferromagnet MnsSn: BesidesFM materialshosing Weyl
fermions as summarized abgvecent works also revesl that Weyl fermions can also exist in
antiferromagnét materials MnsSn is a recently establishedemarkableexample 23]. This
material is a Bxagonal antiferromagnand exhibitsnoncollinearspinorderingwith Tna 4 2 0 K
[23]. Although this material showsa very small magnetizatioR0.002 [s/Mn, it exhibitslarge
AHE [89] andANE [90]. In addition, it also exhibitpositive magnetoconductanaader parallel
electric and magnetic field23]. These distinct transport properties are associated its Weyl state
which have been confirmed Hyoth theory calculations and ARPES measuremgzits In this
material, he electronhole band crossings form a nodal ring surroundingpintswithout SOC
When SOC is considered, the TRS breaking lifts the spin degeneracy and leads to band crossing
and the formation of Weyl nodes at different energies. Sisféeyl nodes appear at points where
electron and hole pockets intersebt resultingVeyl cones are strongly tiltedhichis atypical
nature ofa typell Weyl semimetallsostructural compound MiGe is also found to host a similar
WSM state 77,91]. In addition, aotherlayered, AFM compound YbMnBwith square lattice

was also reported to hav@ RS breaking,typell Weyl state p5|.

2b. Magneticfield-induced WSM in AFM Half-Heusler alloys.

Another route to generate TRS breaking Ws3to use external magnetfield to generate
Weyl nodes irDirac semimetal®r zero gap semiconductors. For instance, bulk Dirac cones in
NasBi have been found to evolve to Weyl cones under magnetic[fig]dThe first example of

Weyl nodes generatedy lexternal magnetic fields in zero gap semiconductors is GdRtBI [
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93,94], which is a half Heusler compoundnd possesses a cubic structure consisting of
interpenetrating face centered cubic lattices and exhibits antiferromagnetic ordering w2

K [24]. The hallmark of Weyl state in transport, including negatit®R caused by chiral
anomaly{24], largeintrinsic AHE[93] andplanar Hall effect (PHE)5], havebeen demonstrated

in this material Sucha magnetic fieledriven Weyl states believed to originate either from the
Zeemansplitting by the external magnetic fie[@4] or from the exchange splitting of the
conduction band®4]. Thefinding of field-induced Weyl staten GdPtBihas inspired studies on
other isostructural half Heusler compounds IikePtBi [94] and TbPtBi §6,97]. TbPtBi was
found to shovanexceptionally large AHE with thenomalous Hall anglef 0.680.76 P6] (about

a few times larger than that in GdPtBi3]), though its other transport signatusdsWeyl state
(e.g.PHE) are not significanfThe frst-principle electronic structure and the associated anomalous
Hall conductivitycalculations showhat the exceptionally large AHE in TbPtBi does not originate
from the Weyl points but that it is driven by the large net Berry curvature produced by the

anticrossing of sphsplit bands near the Fermi le\Jéb].

3. Outlook

From the above overview, it can be seen clearly that the interplay between band topology and
magnetic statecan creataunique topological quantum states which are potentially useful for
technology applications. QAHI is the most promising example. Howelestice applications
require such a state to be realized at room temperatiiheugh theoreticalstudies show this is
possible efforts are needed to discover more promising candidate materials which combine band
topology with room temperature magnetism. Among the current magnetic Tls, the magnetic

transitions all occur at low temperatueglow 50K). Tls with room temprature magnetism is
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highly desired. Materials design by theory and computations could play a kay ttukeregard.
Since FM WSMs can also evolve into QAHI in the 2D limit, discovering room temperdaale
FM WSMs may be another route to realize higmperature QAHIAN ideal WSM generally
refersto a Weyl statevith all Weyl nodeseingsymmetry related and at or close to the chemical
potential, without interfered with by any other bandsurrent magnetic WSMs are not ideal.
Furthermore, magnetiopological materials offer unique opportunities to explore the topolegical

electronies t at e 6 s bytmagmetisgmi ahdinéwyfundamental physics of topological fermions.
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